Suppressor mutants that ciause ribosomes to shift reading frame at specific and new sequences are described. Suppressors for trpE91, the only known suppressible -1 frameshift mutant, have been isolated in Escherichia coli and in Salmonella typhimurium. E. coli hopR acts on trpE91 within the 9-base-pair sequence GGA GUG UGA, is dominant, and is located at min 52 on the chromosome. Its Salmonella homolog maps at an equivalent position and arises as a rarer class in that organism as compared with E. coli. The Salmonella suppressor, hopE, believed to be in a duplicate copy of the same gene, maps at min 17. The +1 suppressor, suJT, acts at the nonmonotonous sequence CCGU, is dominant, and maps at min 59 on the Salmonella chromosome.
The recent finding of high-level natural frameshifting at particular sequences has reawakened interest in frameshifting brought about by altered translational components. Mutants with this property have traditionally been selected as external suppressors of frameshift mutations. The earliest evidence that frameshift mutants were externally suppressible came from the finding that the Salmonella typhimurium mutant trpE91 and another mutant, trpE872, were each externally suppressible (42) . These trpE mutants when combined give the pseudo-wild-type phenotype (42) . Sequencing of these alleles has since shown that trpE91 is a -1 mutant (3) and trpE872 is a +1 mutant (see below). In this paper we describe suppressors hopR and hopE, which act on trpE91, and sufT, which acts on trpE872. The decoding properties of all these suppressors are different from those of other characterized suppressors.
Several classes of mutants of translational components have been isolated as external, suppressors for the many suppressible +1 frameshift mutants. These have been studied in Saccharomyces cerevisiae by Culbertson and colleagues (10, 11, 15, 31, 52, 53) and also in Salmonella species and Escherichia coli (2, 43) (see below). Many of the characterized +1 suppressors have tRNAs with enlarged anticodon loops (9-12, 15, 31, 38, 53) . (At least one "6normal" tRNA has an enlarged anticodon loop [28] , but whether it is involved in natural frameshifting is unknown.) Study of the mutants with enlarged anticodon loops has been helpful in defining the role of tRNA in the translocation step size. There is current interest in understanding the decoding properties of such tRNAs, in particular the stacking (9, 12) and other (15) properties of the bases at the 3' side of the anticodon loop in the process. To investigate this and related issues, an extensive set of insertion mutants of an amber suppressing tRNATrP has been constructed in E. coli (12) .
These constructed mutants have been informative, but because of the large number of possible variants that need to be synthesized, characterization of genetically selected sup-* Corresponding author. pressors continues to be useful. The first sequenced frameshift suppressor, which was in S. typhimurium, had an extra base, C, in the CCC anticodon of tRNAGly (38) in the suppressor sufD42 (40) . It and nearly all the published +1 suppressors act at a run of repeat bases such as GGGG. An exception is sufJ128, which probably reads all ACCN codons regardless of the fourth mRNA base (8 (56) , and it and sufA are presumed to affect proline tRNAs (40) . Furthermore, sufE' is thought to affect tRNAGIY, and sufG is thought to affect tRNALYS (24, 40) . Tested alleles of these four suppressors are dominant (39) . sufC and sufF are recessive and have been suggested to affect tRNA-modifying enzymes (39) . One mutant, E. coli trmD, defective in the tRNA modification m'G37, is known from the work of Bjork (6) to cause + 1 frameshifting at runs of C. The frameshift suppression properties of a thyA mutant have also been reported, but whether it acts via an effect on tRNA is unknown (17 trpE9J have yet to be shown to be externally suppressible.
Three distinct classes of suppressors of trpE91 had been identified in S. typhimurium before the current study. One class, sufS, which includes most of the original external suppressors (42) , comprises alleles of a tRNA gene glyT (33; D. O'Mahony et al., manuscript in preparation), the gene for tRNAGly (1, 34) . The other two classes are mutant in protein-coding genes comprising alleles of supK (4) The external suppressor sufT621 of the +1 frameshift mutant trpE872 was tested for cosuppression of histidine + 1 frameshift mutants suppressible by sufA, B, C, D, E, F, G, J, or M suppressors. suJT621 was transduced into strains containing trpE872 and each histidine +1 frameshift mutation with selection for trpE872 suppression and subsequent screening of the histidine requirement. Two mutants, hisG6609 and hisG2804, showed suppression (see below). Replacement of one trpE allele by another in the same strain. To replace trpE91 by E873 or E879 and to replace trpE872 by E880, a two-step procedure was followed. First, the original trpE mutation was replaced by trp::TnlO, generating antibiotic resistance and Trp requirement. Next, the desired trpE allele was transduced by selection on anthranilic acid, and its anthranilate requirement was confirmed.
Integration of trpE91 into the E. coli chromosome. The S. typhimurium trpE9J mutation was transferred onto an F' trp plasmid of S. typhimurium origin (3). This F' trpE9l was introduced into the E. coli r k-strain ST8612 bearing a trpED24 deletion. Phage P1 grown on ST8612 F' trpE9J was used to transduce a CH6 derivative lacking srl::TnlO and btuB markers to growth on anthranilic acid, thereby generating strain CH19.
Introduction of sufS, sufT, sufJ, and hisT loci into strains.
The following linked antibiotic resistance markers here were used to transfer the above loci: argH::TnJO or zii-614::TnJO for sufS, srl::TnlO for sufT, zii-614::TnJO or argH::TnJO for sufJ, and zej-636::TnS for hisT. trpE mutations were cloned onto pBR322 and prepared for DNA sequence analysis as previously described (3). Restrictions, ligations, and transformations were performed as previously described (30) . DNA sequencing reactions were done with Sequenase reagents purchased from United States Biochemicals. DNA sequencing of plasmids was carried out by a published procedure (25) , with the synthetic 18-mer GTGTGGCAGCGCTTCAAA (obtained from the LCMDB DNA synthesis Facility, University of Illinois) as a primer.
Transduction, Hfr crosses, F' and plasmid interspecies transfer, and plasmid curing. In transductions the Salmonella phage P22HT and the E. coli phage P1 virA were handled as described previously (30, 32) , as were F' transfers and Hfr crosses (32) . Interspecies transfers of F' were by conjugation and those of plasmids were by transformation and achieved by initial passaging through restriction-deficient derivatives. F' and plasmid elimination from strains was by repeated subculturing under nonselective conditions. Scoring of ptsH, uvrB, and recA phenotypes. ptsH mutants were scored by their inability to utilize sorbitol or mannitol as a sole carbon source. uvrB and recA were both sensitive to UV light. cysA-containing strains were isolated as chromate-resistant mutants (35) . RESULTS External suppressors in E. coli of the -1 frameshift mutant trpE91. In S. typhimurium the overwhelming majority of external suppressors for trpE9J isolated were of the sufS class. In contrast, while attempting to isolate sufS suppressors in E. coli, we discovered that more than half of the suppressors did not map in the sufS region of the chromosome. The reason for this disparity is unknown. To isolate suppressors in E. coli, trpE91 was transferred into E. coli to generate strain CH19 (see Materials and Methods). Strain CH19 has an internal deletion, trpBE9, of part of the E. coli trp operon and, at an unknown but different location, the Salmonella trp operon (containing the trpE91 mutation). Such merodiploids are frequently encountered in S. typhimurium-E. coli intergeneric crosses (27) . Trp+ revertants of strain CH19 were isolated, and those containing external suppressors were identified. One such suppressor, designated hopRI (see below), which was distinct from sufS, was mapped in Hfr crosses with the strains (32) CSH62, 64, 70, 74, and 77 to between map positions 42 and 58 and in preliminary P1 transductions close to cysA at position 52 (5).
The linkage of hopRi to cysA and a nearby marker ptsH was analyzed in the cross shown in Fig. 1 . These crosses showed 40% linkage of hopR to cysA, and the frequency of the "quadruple-crossover" class, cysA+ ptsH+ hopR+, indicated the order cysA ptsH hopR. The dominance of hopRI was tested by the introduction, with selection for Cys+, of F'142 and F'198 into E. coli strain MC1, which contains cysA trpE91 hopRI. The retention of the Trp+ phenotype in exconjugants indicated the dominance of hopRI but did not establish it due to the possibility of F' fragmentation and loss of the hopR+ gene. An amber suppressor, supN (48) , maps at position 51.5 on the same side of the ptsH as hopR. Both F'142 and F'198 carry a suppressor allele of supN, and introduction of these F' factors into E. coli Xac, which has an argE amber mutation, confirmed the presence of the suppressor as evidenced by the Arg+ phenotype of Xac/F'. This result provides supporting evidence for the dominance of hopRl (see Discussion). The dominance of hopR was subsequently used in the selection of clones containing alleles of hopR, which were shown to be mutant in one or other of the three genes, designated valU, for tRNA~al at min 52 (M. O'Connor, manuscript in preparation). Alleles of hopR are not difficult to obtain in E. coli, and we have isolated from 24 trpE91 revertants seven further alleles designated hopR11, 15, 16, 512, 513, 523, and 530, all of which are dominant. trpE91 suppressors in S. typhimurium. The ease of isolation of hopR suppressors in E. coli contrasted with our previous failure to detect a class mapping in an equivalent region of S. typhimurium. This in turn prompted a more extensive search in S. typhimurium. Several of the selections were performed with a trpE91-containing strain, whereas the sufS class was excluded by the presence of the plasmid ptuB12 (49 hopR701 with a cysA::TnJO marker as the donor, 11 (6%) of 179 Tetr transductants showed loss of hopR701 phenotype. This result also maps the Salmonella hopR to the 50-min (52 min in E. coli) region of the chromosome.
Since hopR701 is an allele of valU (O'Connor, in preparation) and there is another gene encoding tRNA1al at position 17 (54), we tested the second suppressor, hopEl, for its linkage to nadA, which is located at position 17 (45) . In a P22 transduction cross of trpE9J hopEl with TT398 (which contains nadA::TnJO) as the donor, 103 (93%) of 120 Tetr transductants showed loss of the hopE phenotype. All 120 were nadA mutants, apart from 1 which was presumably due to a TnWO transposition. These results suggest, but do not establish, that hopEl may also be an allele of a gene for tRNAVal.
To delimit the site of action of the Salmonella suppressors, we tested hopEl and hopR701 suppression of trpE873 and trpE879. These -1 frameshift mutants have their mutation sites 4 and 8 nucleotides, respectively, 5' of the site of the trpE91 mutation (Fig. 2) . Neither trpE873 nor trpE879 was suppressed by hopEl or hopR701; since their 5' codons up to each mutant site are in common with those found in trpE91, the site of hopEl and hopR701 suppression must be within the "Gly Val stop" coding sequence GGA GUG UGA.
The + 1 frameshift mutant trpE872 and its suppressor suff. trpE872 was cloned on pBR322 from the strain ST106 (see Materials and Methods) and sequenced. It is a + 1 frameshift mutant (Fig. 3) . None of the known + 1 suppressors (sufA, B, C, D, E, F, G, J, and M) studied by Roth and colleagues suppressed trpE872. trpE872 is externally suppressible by suf-621 (4), later designated sufT621 (2, 3) . As shown below, sufT621 is distinct from the suppressors (see Introduction) studied by others. Conjugation crosses between TH71, containing trpE872 suJT621, and the Hfr strains su418, SA970, SA534, SA486, SH462, and SW1403 (44) and TH44 (Table 1) suggested that suJT621 maps between min 58 and 62 on the Salmonella chromosome. This region contains the sorbitol operon (sri) and the recA gene (45) . Transduction crosses between TH72, which contains trpE872 and srl::TnlO, and the donor strain ST106, which contains trpE872 sufT621, resulted in 40% loss of the srl::TnJO on selection for suppression. A second transduction with ST106 as recipient and the srl: :TnJO recAl-containing strain SGSC74 as donor indicated that recA was between srl: :TnJO and sufT621 (Table 2) . Dominance of suff. To determine whether suJT621 is dominant or recessive, we isolated, in a strain carrying the WT allele of sufT, duplications of the region of the chromosome spanning the suJT gene and substituted one of the WT copies with sufT to generate a sufJWT sufT621 merodiploid strain (Fig. 4) . The duplication was accomplished by selection in a trpE872-containing strain (ST105) for mutants with improved utilization of L-malate as a sole carbon source. Mutants arising in such a selection normally result from tandem duplication of one-third of the chromosome spanning map position 59 (46) . We introduced sufT621 and recA by transduction, with selection for a linked srl::TnJO; 38% of Tetr, efficient malate-utilizing transductants exhibited the suppression phenotype, but none was UV sensitive. (One of the recA phenotypes, UV sensitivity, is not expressed in The two codons that occur within the hisG6609 window and that also occur close to the site of the trpE872 mutation have a bracket under them in the trpE872 sequence. trpE880 is derived from trpE872, and the single base change from trpE872 is underlined. M+ because recA is reces-transduction in E. coli and S. typhimurium, the Salmonella selection pressure, these cross has a TnJO insertion within cysA, and since there are gated two classes, nonsupsome differences in this chromosomal region between E. coli tec- (Fig. 4) . We conclude and S. typhimurium (41), the results are not inconsistent with nclusion was supported by the two genes corresponding. In fact, cloning and sequenc-F'143 (18, 29) .
ing work, which took advantage of the dominance relation-C872 sequence shows that ships reported here, shows that the two genes correspond a significant distance from (M. O'Connor, in preparation). Kohno et al. (23) have (Fig. 3) . To delimit the site previously mapped the unstable dominant +1 frameshift d over 30 his frameshift suppressor sufH to the cysA region of the chromosome in S. iy sufT621. Two mutants, typhimurium near where hopR maps. The linkage of sufH to pressed, although suppreshopR has not been tested, but the possibility cannot be ruled k. Although both of these out that the two genes correspond. As detailed in Results, (23) , we found that other nonsuppression of trpE873 by hopR701 or hopEl restricts D6580, hisD3749S*7, and the site of suppression to the nine-nucleotide sequence GGA le by sufT. Also, as noted GUG UGA (Fig. 2) . There is only a single gene encoding le by sufJ. The suppression GGA-reading tRNA (33) , and as noted above, the recessive rt, but it shares two potentrpE9J suppressors sufS, which are quite distinct from hopR flanking trpE872, namely, or hopE, are alleles of this gene. Thus the genetic evidence hisG6609) or UCUG (in hints at the site of hopR and hopE reading being confined to ot been sequenced, but the the sequence GUG UGA. on in hisG, based on its map Protein-sequencing work shows that hopRi and hopEl XCGC. Since the sequence insert a single amino acid, valine, for the five-nucleotide trpE872, is a candidate for sequence . (Similar results were obtained with ,d genetically to change this G1EU, but because of the complications of internal transontinued suppressibility by lation initiation within the lac constructs utilized, the results ucting a strain (ST107) with were less clear [13a] .) These results were interpreted to be Lsuppresses at CCCU (55) , due to detachment of the tRNA from underlined GUG but -ting with strain ST107 we retention of the tRNA within the ribosome while the mesdesignated trpE880, which sage slipped forward by two bases with subsequent repairing trpE880 is not suppressible of the tRNA to the overlined GUA (or GUG) triplet (13a hopping property of these mutants and because of the on. We found that suppresanalogy to stop codon hopping by WT tRNAs (50), we have adversely affected by the used hop rather than suf designations. Whether tRNA hopon. The hisT+ gene product ping is naturally utilized is unknown, but some possible n of pseudouridine in the examples have been discussed (50) . DNA sequencing of ding tRNA~eU (47) . We first seven alleles of E. coli hopR and of Salmonella hopR701 (M. sufT621 into strains con-O'Connor, in preparation) shows that they are alleles of a sful when the recipient was gene designated valU which encodes GUG, GUA and GUU as transduced into TH38, decoding tRNAral. As the map position of hopE appears to ?, and sufT621, by selection correspond to another tRNA Val gene (valT) (54) at a different tperty of a linked TnS from position, min 17 (hopR is at min 52), it is likely that hopR and ctants had lost their ability hopE encode the same tRNA. Also, as noted above, protein he same hisT1504 mutation sequencing shows that both suppressors insert a single n of hisG6609. (33) . These authors have isolated a number of E. coli tRNA suppressors in selections for nonsense and missense mutants and later shown that they also suppress +1 frameshift mutants by acting at nonrepeat sequences. For all published +1 suppressors, the amino acid inserted is the one that is normally decoded by the first three bases of the quadruplet. On this basis sufT621 should insert proline at a CCGU sequence. sufT621 maps at a different position, 59 , from any known tRNA gene including sufA and suIB (39) , which are thought for sufA (40) or known for sujB (55) to insert proline.
Whether sufT621 affects a tRNAPrO gene (there are three tRNApro species [26] ) cannot be inferred from the present work. However, preliminary protein-sequencing results indicate that arginine, rather than proline, is inserted at the CCGU sequence (T. Tuohy, unpublished observations).
(CGU is an arginine codon.)
The presence of hisT results in lack of the pseudouridine modification in the anticodon loop of several tRNAs including tRNAleU (47) . Interestingly, sufJ requires hisT for its suppression of some frameshift mutants, such as hisG6609 (7), but not for others (23) . The sequence ACCC, read by sufJ in hisG6609, occurs as ACC CUG (7) . Competition for the underlined C by CUG-reading tRNAleu may be reduced, with consequent enhanced suppression by sufJ128, when tRNA 'eu is debilitated by lack of pseudouridine in a hisT1504 background (7, 9) . sufT621 is presumed to read CCGU in the trpE872 sequence CCG UCU G. In the presence of hisT1504 suppression of trpE872 by suJT621 is markedly reduced, in contrast to the sufJ result above. Perhaps the tRNA reading CCGU is directly affected, or conceivably undermodification of the tRNA Leu that reads the next codon (CUG) in the new frame causes it to be slow to decode and reduces fixation of the new frame. The possible effect of the latter may be analogous to a rare codon in the new frame.
